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Introduction
Robot manipulators have been contributing to the advancement of automation for machining and assembling processes but a lot of tasks are still left for manual works, especially assembly.
For promotion of automation, we survey and discuss the problem of conventional industrial robot and the requirement for future industrial robot. The results are mentioned below and we can point out that the fatal problems in general application is programming. In addition, it is necessary for complicated assembly task to develop high speed of force control.
The conventional programming and playback is essential to industrial robot and spends much time and cost. Robotic intelligence is ultimate solution, but difficult. The off-line programming method is another possible solution. If robot were ideally accurate and modeled, all the motion of robot could be decided in computer. It can be concluded that absolute positioning accuracy is essential to off-line programming.
Parallel mechanisms have many excellent characteristics compared to a serial mechanisms widely applied to conventional industrial robots. Many researches and developments have been done, i.e., high speed arms [1] [2] [3], a high power arm [4] and micro mechanisms [5] [6] have been proposed. However, the parallel mechanism has not widely been utilized as a commercial industrial robot.
The paper discusses the results of the survey, the specification and the design of a new arm based on the parallel mechanism, and its basic characteristics with evaluation experiments. We experimentally evaluate the accuracy of parallel mechanism using laser tracking coordinate measuring system. This system has many characteristics that suit for robot calibration and we would introduce this system, calibration strategy, its result and discussions. We also apply the Adept motion to evaluate its high-speed capability.
Design of prototype arm

1 Questionnaire on the Current Industrial Robots
For the Japanese major companies of electrical appliance, electronics, and heavy industries, which are user and/or maker of industrial robots, a questionnaire on the problems with and on the requirements for the current industrial robots was made 3 years ago. The questionnaire concluded briefly in the following;
(1) high-speed motion in force control as well as trajectory control, (2) absolute positioning accuracy, (3) simple and economical programming, (4) simple application in assembly tasks, and ( 5 ) more intelligence applicable to complicated tasks.
More detailed analysis in these problems leads that the companies require more excellent characteristics and functions for robot hardware itself. (I), (2) and (3) show the requirements for hardware that can attain high speed and good accuracy. The current industrial robot is based on a serial mechanism configuration that is capable of dexterous motion, although its speed and accuracy are rather limited. If a more excellent mechanism, in terms of -7803-4300-X-5/98 $10.00 0 1998 IEEE speed and accuracy, is applicable to robot arm, these problems, (1) and (2) may be solved successfully. Furthermore, the requirement (3) may be satisfied, since good positioning accuracy enables an operator to apply an off-line programming method based on design drawings and CAD data. This may reduce the difficulty and the cost in the current programming process and may bring economical contributions.
The requirement (4) indicates that the current force control method applied to assembly does not satisfy the demands of the robot users. One reason might be that the current force control limits the robot motion and results in slow assembly. If the robot hardware has high speed and good accuracy, the force control motion may be improved by using a force sensor and other sensors, and consequently the assembly task may be robotised efficiently. Furthermore, the force control may improve the adaptability of the robot to its environment, and then the robot may obtain more intelligence and attain more complicated tasks.
Based on the above considerations, our project aims to develop a new manipulator that has high speed in motion and force control as well as good absolute positioning accuracy. This robot may contribute to solve the problems and to satisfy the requirements suggested in the questionnaire and may obtain broader application fields. The considered application fields may be the followings in terms of high-speed force control and of good positioning accuracy. (a) high-speed force control: parts assembly for electric and machine products, debarring, cast finishing, polishing and grinding, (b) good positioning accuracy: picking and placing, material handling, packing, bonding for ICs, accurate positioning, fine welding, inspection The robot can be applied in all kinds of conventional positioning tasks. It should be pointed out that even applied to these tasks the programming becomes simpler and less time consuming.
Design & Specification of Prototype
Based on another survey result on the requirement for assembly robots as well as the discussion mentioned in the previous subsection, the target specification was given for a developed arm in our project, where the application is limited to the assembly for small sized motor, for example. The specifications for mechanism and motion controller are listed in Table 1 .
Parallel mechanisms has been expected as a candidate for a novel robot arm and it has been proved by many researchers that it has excellent positioning accuracy and its stiffness, light movable mass, good dynamic characteristic and high force capability are advantageous for force control. Because these merit meet well our specification, parallel mechanism is selected. There iue three basic types of parallel mechanisms applicable fior robot arm as mentioned, Stewart platform type, a rotary actuation type, a fixed linear actuation type [7] , and their modifications. Table 2 shows the comparison of these three mechanisms in terms of basic characteristics including speed, rigidity, workspace, etc. The rotary actuation type is the best in terms of simple actuation mechanism as well as speed, workspace. It looks attractive in our objectives, since it may have less number of mechanical parts and this may lead to less cost in manufacturing. Taking these specifications and characteristics into consideration, we decide on hexa type for the prototype.
Prototype overviews
Based on the design (described in the previous section, the prototype arm was built. Fig.] shows the whole view of the arm.
The enid plate and base plate are connected with 6 chains, which consist of rotary actuator and two links that are, input link and coupler link. The input link and the coupler link are jointed by 3 passive joints whose axes intersect at one point. Those joints have equal function to a spherical joint but larger range of motion. The coupler link and the endplate are jointed by a universal joint.
A 6-axes-force-torque sensor is attached to the endplate for force control and another force-torque sensor is used for joystick control.
Forward and inverse kinematics, position servo, trajectory control, inverse dynamics based on the augmented Lagrange method [8] , joystick control [9] , force control and Adept motion are implemented to the controller.
Adept motion is reciprocating motion whose stroke and height are 300 [ The problem of these calibrations is that users can not know how accurate the robot becomes after calibration.
For accuracy evaluation of our parallel mechanism, we would propose the calibration method using laser tracking coordinate measuring system [ 13][ 141. In the following sections, we would introduce the system, the strategy of experiment and its results and discussions.
Laser Tracking Coordinate Measuring System
The laser tracking coordinate measuring system consists of 4 laser stations and a wide-angle retro-reflector, "Cat's Eye". When the laser beam is incident upon the cat's eye, reflected beam returns parallel to the incident beam. The structure of cat's eye is as follows. The cat's eye has a lens whose focus coincides with its spherical surface and the surface mirrors incident beam.
Fig. 2 Retro-reflector, Cat's Eye
The laser station can pan and tilt a laser interferometer and track the target (cat's eye) and measure the distance. This station is controlled keeping the distance between incident beam and reflected beam to zero so that the laser always passes through the center of cat's eye. The interferometer can measure the change in distance from the intersection of two axes of pan and tilt to the cat's eye incrementally. Initial distance, however is not measured. An overview of the laser tracking coordinate measuring system is s h E n in Fig. 3 .
retro-reflector (Cat's Eye)
Fig. 3 Laser Tracking Coordinate Measuring System
The target's position was determined if three stations' positions and distances between cat's eye and station were known. This system has 4" additional station to identify stations' positions and initial distances. The distance to the position guessed with inaccurate parameters can be checked with measured distance. This measurement consists of two processes, redundant measurement and self-calibration. In calibration process, the parameters are modified to minimize the error by the least square method. The calibration requires considerable measurement data. This system is characterized by following merits and demerits.
(1) Precise measurement with laser interferometer The other possible methods for wide range coordinate measurement are camera image, PSD (position sensing device), magnetic sensor or ultrasonic sensor. These sensors are, however, can not measure the order of 1 micrometer. There is another measuring system, which uses laser interferometer and senses the direction of laser. This system is not proper to wide range measurement because angle sensor is not precise and the more distant the target is, the larger the measurement error become.
In addition, our measuring system has following merits comparing to the so-called CMM (Coordinate Measuring Machine).
(2) Non-contact measurement (3) Wide measuring range (4) Enable to measure a high speed object These are indispensable for calibration of manipulator, which moves in wide range on high-speed. And it is also a merit that self-calibration with redundant measurement does not need precise setup.
On the contrary, we must take the following demerit into account.
Laser beam must not be interrupted during one set of measurement, because the laser interferometer counts the interference fringe and tracks the target by reflected beam. This restriction is practically important problem because the range of cat's eye is narrower than possible orientation of the endplate and because stations and links of manipulator may interrupt laser beams on some positions and orientations.
Experiment and Accuracy Evaluation
1. Repeatability test
Before calibration, we pre-test the repeatability of our parallel mechanism with laser tracking coordinate measuring System. This pretest is partly based on IS09283.
The manipulator moves to 5 points in 80 % of workspace (See Fig. 4 ) and at each point the endplate is kept horizontal. The manipulator returns to each point 30 times and moves to 100 random points for calibration of measuring system. The manipulator approaches to each point on single path and random path. In case of single path, it moves from ( I ) to ( 5 ) in order and repeats them. In case of random path, it approaches to each measure point at random. IS09283 requires only single path test but repeatability of both paths is also important for actual production line.
A
Fig. 4 Measured points of repeatability test
IS09283 requires the tested manipulator 1. 0 move at rated speed but in this case the measuring system can not follow the manipulator. Therefore it runs at the maximum 200mm/s withi constant acceleration/deceleratioin.
The results of the repeatability test are shown in Table 3 . The error of each point is evaluated with the distance between the center of measured points and each point. Table 4 shows the servo error on actuated joint and its contribution to error in the actual workspace. According to these results, in case of single path servo error is dominant and in case of random patlh, backlash of gears and joints cause error.
Table 4 Error in joint angle and its effect on
Absolute accuracy test
This measuring system can measure the center position of cat's eye; therefore 3 points on the endplate are measured to know the position and orientation of the endplate. 200 test positions are randomly selected in twice extent of the rated workspace, within joint limits and far from singular points. 100 of the 200 points are selected for calibration and the rest is for error evaluation. The robot runs 200 points with cat's eye attached on the enldplate and the interferometic distances and angles of input axes are recorded at each point. This experiment is repeated for two other positions of thle cat's eye on the endplate. During these experiment four laser stations are fixed in the same places.
The error of measurement depends on accuracy of measuring system and repeatability of manipulator. Usually repeatability error is negligible compared to absolute accuracy. For error evaluation, Fig. 5 shows the distances from one cat's eye to others. We utilize the redundant measurement (9 measurements for 6 DOF) to estimate the measurement error. If error of the measurement would be zero, the distances were constant through the experiment. 
Fig. 5 Distance between cat's eyes
The distance between Znd and 3rd position varies more than the others and its variance is 0.17" and maximum error is 0.76".
This result shows that measuring error is larger than we expected.
To optimize the kinematic parameters, the conventional Newton-Raphson method is adopted. 66 parameters are modified to minimize the sum of squares o f error. The error is defined as difference between measured position and orientation o f endplate and their predictions by forward kinematics. Each chain of links has 11 parameters, 6 for position and orientation of the input motor, 2 for lengths of the input link and the coupler link, 3 for the position of the coupler link end on the endplate.
The manipulator has 6 chains. Fig. 6 , Fig. 7 and Table 5 show the parameters before and after calibration. Fig. 6 and 7 are the top views of the base plate and the endplate, respectively. Table 5 shows calibrated and designed lengths of the input link and the coupler link.
The largest change of parameters is about 10 mm in position of motor. The noise of measure causes larger change on such parameters.
Evaluation of Absolute Accuracy and Discussion
We evaluate the accuracy of calibration with remaining 100 measurement data. The accuracy is evaluated by distance between commanded position and measured position of the endplate. Table 6 The absolute error and measurement error are 0.98" and 0.76" respectively at the maximum. As mentioned above, the causes of the measurement error can be divided into two groups, measuring system error and the manipulator's repeatability.
According to the pretest, the repeatability of the manipulator influences a little because it is small compared to absolute error, since it's 0.029mm on single path. Another cause is stiffness of the manipulator. The cat's eye, which weighs llOOg, is differently attached at each time and inclines the endplate in different directions within the limits of backlash.
The error of the measuring system is due to the noise on interferometer, servo error, calibration error and the product error of pan & tilt mechanism and cat's eye. Tiny dust in the air, flaw of cat's eye, electric noise and so on may cause miscounting. The condition is severe for such a long experiment. The contribution of noises to the result of measurement is indirect and much depends on arrangement of the stations and the manipulator. According to the prior experiments and discussions, this calibration system has singular points and near these points calibration is impossible or the error is increased.
The survey of these singular points and their effects are still being studied and developed.
Nakamura reported the calibration of a serial manipulator and its absolute accuracy is 1.8mm[ 151. Though It is difficult to compare both results because mechanism and other specifications are different, it can be concluded that our calibration with the laser tracking coordinate measuring system results in good absolute accuracy.
Conclusions
We have proposed a parallel arm which is aimed to be used commercially in the industries. We discussed the results of the questionnaire done for the Japanese major companies of maker and user of industrial robots, and showed their requirements clearly. The developed arm was designed by taking account of the requirements and the prototype was built based on the rotary input type parallel mechanism. Then we calibrated the kinematics of the prototype to improve the absolute accuracy, and evaluated the accuracy using laser tracking coordinate measuring System.
